ABSTRACT In cognitive radio networks, a slotted time structure is widely adopted. Accordingly, the slot length is a factor that can largely affect the performance of cognitive radio networks. In this paper, a slot length configuration scheme is proposed. In the proposed scheme, we assume imperfect spectrum sensing. The spectrum sensing result is considered when configuring the slot length. Therefore, slots with different sensing results have different slot lengths. This setting fully takes into account the fact that the sojourn time of channel idle state and busy state are usually different. An optimization problem to find out the optimal slot length configuration is formulated (which maximizes the secondary throughput) and analyzed. In the formulated problem, primary activities are protected by limiting the percentage of time that the primary activities are interfered with, and the energy efficiency of the secondary system is guaranteed by limiting the percentage of time for spectrum sensing. After a theoretical analysis of the problem, an algorithm is proposed to solve it. In the case of perfect spectrum sensing, another algorithm with low complexity is developed to solve the problem. The numerical results demonstrate that, by having different slot lengths with different sensing results, largely improved performance can be achieved. Impacts of system parameters on the secondary system performance are also discussed.
I. INTRODUCTION
To cope with the problems of spectrum shortage [1] , [2] and spectrum under-utilization [3] , cognitive radio is one possible solution, which largely improves the spectrum efficiency by allowing unlicensed users (also called secondary users) to access spectrum holes (the durations within which licensed channels are not utilized by licensed users [primary users]). Note that for each channel, the primary users have priority in channel access. It means that secondary users are required not to affect the transmissions of primary users. Accordingly, secondary users are required to monitor primary users' activities before utilizing the corresponding licensed channel [4] . This is performed by spectrum sensing, which is designed to detect whether primary signals exist or not.
In cognitive radio networks, a slotted time structure is widely used [5] [6] . Time is partitioned into slots, each with fixed length. Spectrum sensing is performed at the beginning of each slot. If no primary signal is detected by spectrum sensing, secondary users can transmit over the channel during the remaining time of the slot. On the other hand, if primary
The associate editor coordinating the review of this manuscript and approving it for publication was Yan Huo. signals are detected, secondary users should keep silent at this slot.
There are several spectrum sensing techniques, including energy detection, matched filter detection, cyclostationary feature detection, and so on [7] . Due to its low complexity, energy detection attracts the most attention, and thus, it is also adopted in this work. In energy detection, the detection accuracy of spectrum sensing is largely affected by the length of spectrum sensing within a slot. There are many existing works that consider configuration of the length of spectrum sensing. In [8] , multiple secondary users perform cooperative spectrum sensing coordinated by a coordinator. The optimal sensing duration is derived to maximize the detection accuracy of spectrum sensing. The work in [9] considers a single secondary user. The problem to maximize the average throughput of secondary transmissions with energy harvesting is formulated. To guarantee the quality of service (QoS) of primary users and the energy efficiency, there are a collision constraint and an energy consumption constraint in the optimization problem. Accordingly, the optimal sensing duration is derived by solving the formulated optimization problem. The work in [10] considers cooperative spectrum sensing coordinated by a coordinator. A sensing scheduling optimization problem is considered. Considering different scenarios, three different sensing strategies are proposed. In [11] , the power control and spectrum sensing length are jointly investigated for a single secondary user. Since the formulated problem is a non-convex optimization problem, the authors propose an iterative algorithm to solve it. Then, the optimal length of spectrum sensing duration and the optimal power control strategy are derived.
On the other hand, the slot length configuration, which is another factor that can largely affect the performance of cognitive radio networks, does not receive enough attention in the literature. In most of existing works [8] - [11] , it is assumed that the channel state (idle or busy) does not change within a slot of secondary users. Here an idle channel state denotes that no primary signal exists in the licensed channel, while a busy channel state denotes that primary users are transmitting in the licensed channel. This assumption is actually not reasonable in practice. Primary transmission is a stochastic event, and thus, it may start at any moment within a slot of secondary users. However, the spectrum sensing operation is only taken at the beginning of a slot. Consider the case that a secondary user senses a channel to be idle at the beginning of a slot, and thus, transmits in the slot. If primary users become active in the middle of the slot, there is a collision between the primary transmission and the secondary transmission. Taking this into account, a continuous Markov model is proposed in [12] , in which the state of a licensed channel alternates between ''idle'' and ''busy'' based on a continuous Markov model. The duration of each idle/busy state is an independent and identically distributed (i.i.d.) random variable. Considering this model, the slot length of secondary users is a factor that largely affects the performance of cognitive radio networks. A smaller slot length can lead to shorter collision time, 1 and thus, a higher QoS level for primary transmissions is provided. However, a higher frequency to perform the spectrum sensing is also needed. This means that secondary users have to cost more time and energy for spectrum sensing, and thus, less time is left for secondary transmissions. Accordingly, there is a tradeoff between the QoS of primary users and the reward of secondary users by setting the slot length. In [12] , the optimal slot length is derived to maximize the spectrum sensing efficiency. In [13] , the slot length configuration problem with cooperative spectrum sensing is considered. In [14] , an optimization problem which jointly considers the channel selection and slot length configuration is formulated. In the formulated problem, the reward, which equals the secondary information amount that can be successfully transmitted minus the penalty of collision time, is maximized. Then, an adaptive channel selection and slot length configuration method is derived by solving the formulated problem.
Although the slot length configuration problem has been investigated in existing works [12] - [14] , there are still some open research issues, as follows.
• In these works [12] - [14] , the length of a slot is set as a fixed value regardless of the spectrum sensing result. However, for a licensed channel, the sojourn time of idle state and busy state are usually different. A fixed slot length may not be able to provide the best protection to primary transmissions and/or let secondary users maximally utilize the spectrum opportunities.
• In these works [12] - [14] for slot length configuration, the spectrum sensing is assumed to be perfect, which may not be practical. In reality, the sensing result may be inaccurate due to the effects of noise. In the literature for cognitive radio with imperfect sensing, to protect primary users, the missed-detection probability of spectrum sensing is usually required to be less than a threshold (say α). Indeed, this setting can guarantee that the collision ratio of primary activities (which is defined as the percentage of time in which the primary activities are interfered with) is below α if the primary user state (busy or idle) does not change within a time slot of secondary users. However, in a practical setting, primary user state may change within a time slot of secondary users. For example, consider that the primary user state is idle at the beginning of a secondary time slot, and thus, a secondary user transmits in the time slot. If the primary user state switches to busy within the secondary time slot (i.e., the primary user starts transmission in the middle of the secondary slot), there is a collision between the primary and secondary transmissions. In such a practical scenario, setting missed-detection probability to be lower than α is unable to guarantee that the collision ratio of primary activities is lower than α.
Taking into account the above issues, an optimal slot length configuration scheme is proposed in this paper. For presentation simplicity, we consider a single secondary user (actually our work can be extended to the case with multiple secondary users, to be discussed in Section VI).
The major contributions and novelties of this paper are summarized below. 1) Novel setting with different slot length for different sensing results. In the proposed scheme, the spectrum sensing result is considered when configuring the slot length. Therefore, slots with different sensing results have different slot length. If the sensing result is idle, the slot length is set as T i . If the sensing result is busy, the slot length is set as T b . T i and T b are variables to be configured so as to achieve the maximal secondary throughput. This setting fully takes into account the fact that the sojourn time of channel idle state and busy state are usually different. 2) Practical settings: Different from existing works for slot length configuration, we consider two practical settings: 1) we consider imperfect sensing; 2) we consider that primary user state (busy or idle) may switch within a time slot of the secondary user. Based on the two practical settings, we have a constraint that the collision ratio of primary activities should be bounded by a threshold. Compared to the conventional constraint used in the existing works (i.e., missed-detection probability required to be bounded by a threshold), our constraint can guarantee that the ''actual'' percentage of time that primary activities are interfered with is bounded. 3) Feasible solving method. We theoretically derive expressions of the secondary throughput, the collision ratio of primary activities, and the sensing ratio. Then an algorithm is proposed to solve the formulated problem, and thus, the optimal slot length configuration can be derived. In addition, if the spectrum sensing is perfect, another algorithm with much less complexity is proposed to derive the optimal slot length configuration. 4) Largely improved performance: The proposed slot length configuration scheme is evaluated by simulation. It shows that, by having different slot length with different sensing results, largely improved performance can be achieved.
The rest of the paper is organized as follows. The system model and the proposed slot length configuration scheme are presented in Section II. The optimization problem is formulated in Section III, and analyzed and solved in Section IV. Section V shows simulation results. Finally, Section VI concludes this paper.
II. SYSTEM MODEL AND PROPOSED SCHEME
A. SYSTEM MODEL Consider that a secondary user wishes to access a licensed channel. Over the licensed channel, primary users have the priority for channel access. The secondary user can utilize the channel only when the channel is sensed as idle by spectrum sensing. The channel is modeled as an idle/busy process, in which the state of the licensed channel alternates between idle state and busy state. Here an idle state means there are no primary activities over the channel, while a busy state means that primary users are transmitting over the channel. Over time, the sojourn durations of idle and busy states are i.i.d. random variables with probability density function (PDF) f i (x) and f b (x), respectively [14] .
To protect primary transmissions, spectrum sensing by using energy detection is performed by the secondary user at the beginning of each time slot. If the output of the energy detector (i.e., the energy level of the detected signal) is more than a predetermined threshold denoted ε, the channel is estimated to be busy; otherwise, the channel is estimated to be idle.
In general, two metrics, probability of detection (denoted as P d ) and probability of false alarm (denoted as P f ), are used to measure the detection performance of spectrum sensing. The probability of detection P d denotes the probability that the sensing result is busy given that primary users are indeed transmitting over the channel. The probability of false alarm P f denotes the probability that the sensing result is busy given that no primary signal actually exists in the channel. The expressions of P d and P f are given as [8] 
where T s is the spectrum sensing time, f s is the sampling frequency, T s f s is the total number of samples, σ 2 is the power of additive white Gaussian noise (AWGN), γ p means the signal-to-noise ratio (SNR) of primary signal received by the secondary user, Q(·) is the complementary distribution function of the standard Gaussian, and as aforementioned, ε is the predetermined threshold used in energy detection.
In this work, a pair of target probabilities (P d , P f ) are given. Thus, according to (1) and (2), the sensing time T s can be derived. 2 
B. PROPOSED SLOT LENGTH CONFIGURATION SCHEME
In existing works, the slot length is usually set as a fixed value without considering the state of the licensed channel. However, the sojourn time of the licensed channel's idle state and busy state are usually different. To better protect primary users and improve performance of the secondary user, the sensing result should be considered for configuring the slot length. For a slot, if the sensing result is idle, then the slot length is set as T i ; If the sensing result is busy, then the slot length is set as T b . T i and T b are variables to be configured so as to achieve the maximal secondary throughput (as shown in our problem formulation in Section III). Accordingly, the proposed slot length configuration scheme has two stages, described as follows.
• Slot length determination stage: For the secondary user, before its channel access, it should run the proposed slot length configuration algorithm (to be detailed in Section IV-D) to determine the durations of T i and T b .
• Implementation stage: After T i and T b are determined, for each slot, the secondary user performs spectrum sensing with duration T s at the beginning of the slot. If the sensing result is idle, the slot length is set as T i , and thus, the secondary user transmits within the subsequent time duration (T i − T s ) of the slot. If the sensing result is busy, the slot length is set as T b , and thus, the secondary user keeps silent within the subsequent time duration (T b − T s ) of the slot. An example of the slot structure is shown in Fig. 1 , which has four scenarios.
• If no primary signal exists in the channel and the sensing result is busy (i.e., a false alarm happens), the slot length is T b ; 2 Here we assume that the noise power can be accurately estimated. If noise power estimation has errors (referred to as noise uncertainty), given P d and P f , the sensing time T s can be found following the method in [6] , and then our slot length configuration method still works. VOLUME 7, 2019 FIGURE 1. Example of the slot structure.
• If no primary signal exists in the channel and the sensing result is idle (i.e., accurate sensing happens), the slot length is T i ;
• If the channel is occupied by primary users and the sensing result is idle (i.e., missed detection happens), the slot length is T i ;
• If the channel is occupied by primary users and the sensing result is busy (i.e., accurate sensing happens), the slot length is T b . As the sensing duration T s is usually much smaller than the average sojourn time of the channel idle or busy state, we assume that the channel state does not switch within a sensing period. 3 However, the channel state may switch within a slot. Fig. 2 shows examples of one-time switching (i.e., the channel state switches once within a slot) and multitimes switching (i.e., the channel state switches two or more times within a slot). Switching within a time slot may lead to collision of primary and secondary transmissions. It may also lead to waste of transmission opportunity. We use the examples in Fig. 2 to demonstrate.
• For the one-time switching in Fig. 2 , at the sensing period of the time slot, the channel is idle. If sensing is accurate, the secondary user transmits in the slot. When the switching happens (i.e., primary users become busy), we have a collision.
• For the multi-times switching in Fig. 2 , at the sensing period of the time slot, the channel is busy. If sensing is accurate, the secondary user keeps silent within the slot. When the two switchings happen, we see that within the time slot there is a duration in which primary users are idle, i.e., in this duration there is a transmission opportunity. This transmission opportunity is wasted. In the proposed scheme, it is critical to determine the value of T i and T b . Therefore, to find optimal values of T i and T b , a problem, which maximizes the average throughput of secondary transmissions under a primary transmission QoS constraint and a sensing frequency constraint, is formulated, analyzed, and solved in the subsequent two sections. 3 Typical values of sensing duration T s are about 1-10 ms, and typical values of average sojourn time of a channel idle state (denoted τ i ) and average sojourn time of a channel busy state (denoted τ b ) are about 1-100 s [12] , [14] . For example, consider that the sojourn time of channel idle and busy state follow exponential distribution with mean being τ i and τ b , respectively (this exponential distribution model has been verified by practical measurements in [13] - [16] ). Consider τ i = τ b = 1 s. Then when T s ranges from 1 ms to 10 ms, the probability of channel state switching within a sensing period ranges from 0.1% to 1%, which is a negligible probability. 
III. THE FORMULATED PROBLEM
To protect primary transmissions, we introduce a collision ratio η c , which is defined as
where T c-in-slot is the expected duration of collision (between primary and secondary transmissions) in a slot, and T b-in-slot is the expected channel busy duration in a slot. Thus, a smaller value of η c means a higher level of protection to primary transmissions. Accordingly, to protect primary transmissions in our scheme, the collision ratio η c is required to be not more than a predefined threshold, denoted ε c .
To explore as many transmission opportunities as possible, the secondary user should take another spectrum sensing as soon as possible if the current sensing result is busy. However, by doing this, energy consumption will be high. And the energy of a secondary user is generally limited [17] . Therefore, to guarantee the energy efficiency, we introduce a sensing ratio η s , which is defined as
where T slot is the expected time duration of a slot. A smaller value of η s means a lower frequency of the spectrum sensing. Accordingly, to guarantee the energy efficiency in our scheme, the sensing ratio η s is required to be not more than a predefined threshold, denoted ε s . Our objective is to maximize the average throughput of secondary transmissions under the constraints of collision ratio and sensing ratio, by finding out the optimal value of T i and T b . Denote R slot as the throughput of secondary transmissions at a slot (i.e., the number of information bits that can be successfully transmitted within unit time). Accordingly, an optimization problem, named Problem P1, is formulated as follows.
where E[·] means expectation operation. In constraints (5d) and (5e), we set T i and T b to be not more than the expected sojourn time of a channel idle state (denoted τ i ) and the expected sojourn time of a channel busy state (denoted τ b ), respectively. 4
IV. PROBLEM ANALYSIS AND OPTIMAL SOLUTION A. ANALYSIS OF COLLISION AND WASTING IN A SLOT
For a slot, the secondary user would utilize the licensed channel to the end of the slot if the spectrum sensing result is idle. Otherwise, the secondary user keeps silent until the end of the slot. Due to the imperfect spectrum sensing (i.e., false alarm and missed detection as shown in Fig. 1 ) and the possible channel state switching within a slot (i.e., one-time switching and multi-times switching as shown in Fig. 2 ), there might be collision or wasting of transmission opportunity. Similar to [18] , some examples of collision and wasting are given in Fig. 3 . Recall that the expected collision duration in a slot is denoted as T c-in-slot . We denote the expected wasting duration in a slot as T w-in-slot .
In our system, each slot belongs to one of the following two types.
• i-slot: The actual channel state at the beginning of the slot is idle. 4 The rationale for this setting is that it is unlikely for the optimal T i and T b to be more than τ i and τ b , respectively. 1) If T i is more than τ i , there will be a large probability (roughly speaking, at least 50%) that the sojourn time of a channel idle state is less than T i . Recall that for a slot with duration T i , the secondary user will transmit in the slot. Thus, within the secondary transmission, there will be a large probability that the channel idle state ends (i.e., primary users become busy and transmit), leading to a collision between primary and secondary transmissions. This is apparently not optimal. 2) If T b is more than τ b , there will be a large probability (roughly speaking, at least 50%) that the sojourn time of a channel busy state is less than T b . Recall that for a slot with duration T b , the secondary user will not transmit in the slot. Thus, within the slot, there will be a large probability that the channel busy state ends (i.e., primary users become idle), leading to waste of channel access opportunity in the slot. This is apparently not optimal. 
• b-slot: The actual channel state at the beginning of the slot is busy.
Let C i (t) and C b (t) denote the expected collision duration within a period (t s , t s + t) if the channel state at moment t s is idle and busy, respectively. LetC i (t) andC b (t) denote the expected channel busy duration within a period (t s , t s + t) if the channel state switches from busy to idle and from idle to busy, respectively, at moment t s . According to Fig. 3 , an illustration about C i (t), C b (t),C i (t), andC b (t) is given in Fig. 4 , where x is the remaining time duration to the next channel switching, which is similar to [12] . If the channel state is idle at moment t s , variable x denotes the sojourn time within which the channel state keeps idle starting from moment t s , and thus, the channel state switches from idle to VOLUME 7, 2019 busy at moment (t s + x). In this case, the PDF of variable x is expressed as [12] 
, and F b (x) denotes the CDF of the sojourn time of a busy state. If the channel state switches from busy to idle at moment t s , x is sojourn time of the idle state, and thus, the PDF of variable x is f i (x). Similarly, if the channel state switches from idle to busy at moment t s , x is the sojourn time of the busy state, and thus, the PDF of variable x is f b (x).
Then, we have the following equations for C i (t), C b (t), C i (t), andC b (t) based on Fig. 4 .
According to (8) and (9), to derive the expression of C i (t) and C b (t), we need the expression ofC b (t) andC i (t), respectively. We can try to get expression ofC b (t) andC i (t) by using (10) and (11) . However, we have a difficulty that it is hard to deal with the integration in (10) and (11) (a similar difficulty also exists when we try to derive expression of C i (t) and C b (t) by using (8) and (9), after expressions ofC b (t) andC i (t) are available). To solve this difficulty, similar to [12] , we use Laplace transform to equations (8)- (11), as integration does not exist any more after the Laplace transform, shown as follows.
We perform the Laplace transform [19] on (8)- (11), and we have
where X * (s) is the Laplace transform of
According to (14) and (15),
Accordingly, C * i (s) and C * b (s) are given as
Similarly, let W i (t) and W b (t) denote the expected wasting duration within a period (t s , t s + t) if the channel state at moment t s is idle and busy, respectively. We also introducẽ W i (t) andW b (t) to denote the expected channel idle duration within a period (t s , t s + t) if the channel state switches from busy to idle and from idle to busy, respectively, at moment t s . According to Fig. 3 and similar to [12] , an illustration about W i (t), W b (t),W i (t), andW b (t) is given in Fig. 5 . Note that a secondary transmission cannot start at the spectrum sensing period. Accordingly, the spectrum sensing period is also viewed as a kind of wasting if the actual channel state is idle. Then, we have the following equations for W i (t), W b (t), W i (t), andW b (t). 
W b (t), respectively, can be expressed as
Then, given the expression of f i (x) and f b (x), the exact expression of C i (t), C b (t), W i (t) and W b (t) can be obtained by performing the inverse Laplace transform on (18), (19) , (24), and (25), respectively.
B. ANALYSIS OF E [R slot ]
If the sensing result is idle in a time slot, a secondary transmission is started by the secondary user. Due to possible missed detection event or possible channel state switching, a primary transmission may exist within the time slot although the sensing result is idle. For a secondary transmission, if the actual channel state is idle, the achievable data rate of the secondary transmission is
where γ s is the SNR of the secondary signal received by the secondary receiver [20] . However, if the actual channel state is busy, the achievable data rate of the secondary transmission is
Within a slot, let T rate1 and T rate2 denote the expected time duration with transmission rate rate1 and rate2, respectively. To derive the average throughput of secondary transmission, we need to derive T rate1 and T rate2 . Let T i-slot and T b-slot denote the expected length of an i-slot and a b-slot, respectively. Due to possible missed detection event and false alarm event, we have
Denote p i-slot and p b-slot as the probability that a slot belongs to i-slot and b-slot, respectively. Then, we have
Therefore, the expected time duration of a slot, denoted T slot , should be
For an i-slot, we have the following observations:
• if false alarm does not happen (with probability (1−P f )), then the i-slot has duration T i , and the expected channel busy duration in the i-slot is
Here x is the sojourn time of the channel state starting from the beginning of the slot. For the i-slot, the PDF of x is given in (6).
• if false alarm happens (with probability P f ), then the i-slot has duration T b , and the expected channel busy duration in the i-slot is
dx. Thus, overall, the expected channel busy duration in the i-slot is given as
in which the last equality comes from (8) . Similarly, the expected channel idle duration in an i-slot is given as
in which the last equality comes from (20) . Following similar derivations, the expected channel busy duration in a b-slot is given as
in which the last equality comes from (9) , and the expected channel idle duration in a b-slot is given as
in which the last equality comes from (21) . Therefore, according to (34) and (36), the expected channel idle duration in a slot, denoted T i-in-slot , is given as
According to (33) and (35), the expected channel busy duration in a slot, denoted T b-in-slot , is given as
Let T c-in-slot and T w-in-slot denote the expected collision duration and wasting duration, respectively, in a slot. We have
Accordingly, we can get the expression of T rate1 and T rate2 as follows.
Therefore, the expected throughput of secondary transmissions should be
where rate1, rate2, T rate1 , T rate2 , and T slot are given in (26), (27), (41), (42), and (32), respectively.
C. ANALYSIS OF η c AND η s
According to the definition of η c in (3), the constraint (5b) should be
where T c-in-slot and T b-in-slot are given in (39) and (38), respectively. According to the definition of η s in (4), the constraint (5c) should be
where T slot is given in (32).
D. OPTIMAL CONFIGURATION OF T i AND T b
According to some practical measurements [13] - [16] , we assume that the sojourn time of channel idle and busy state follow exponential distribution with parameter λ i and λ b , respectively. Thus, we have τ i = 1/λ i and τ b = 1/λ b , and f i (x) and f b (x) are given as
By performing the inverse Laplace transform on (18), (19), (24), and (25), we have
Based on our analysis in (26) 
. In the following, we introduce a method to shrink the search space for T i , thus reducing the running time of solving Problem P1.
We have the following lemma. Lemma 1: Given a value of T b , the sensing ratio η s is a monotonically decreasing function of T i . Given a value of T i , the sensing ratio η s is a monotonically decreasing function of T b .
Proof: According to (32), T slot is given as
After taking the first-order derivative of T slot with respect to T i , we have Then, we take the first-order derivative of T slot with respect to T b , and we have 
where
In other words, we shrink the feasible set of T i .
Based on Remark 1, we propose an algorithm, called SLC (slot length configuration) Algorithm, to find T * i and T * b (the optimal T i and T b ), by using the above new feasible set of T i (i.e., k T i ). Calculate ϕ 1 (T b ).
4:
Get the feasible set of
for T i ← max{T s , ϕ 1 (T b )} to τ i do 6: if η c ≤ ε c then 7: Calculate E[R slot ] 8 :
Update T # i = T i and T # b = T b .
10:
end if 12: end if 13: end for 14: end for 15: Set
The SLC Algorithm is an exhaustive search algorithm in which the feasible set of T i is shrunk to The worst-case complexity of the SLC Algorithm is still O(
, which is the same as that of the conventional exhaustive search. However, as the SLC Algorithm shrinks the feasible set of T i (which will also be verified by Fig. 7 in Section V), it has less running time than that of the conventional exhaustive search.
E. OPTIMAL CONFIGURATION OF T i AND T b IF SPECTRUM SENSING IS PERFECT
With the development of spectrum sensing technology, the detection accuracy of spectrum sensing has been largely improved. If the detection probability P d and the false alarm probability P f approach 1 and 0 respectively, it can be regarded as a perfect spectrum sensing [21] . In this subsection, we will derive the optimal value of T i and T b in the case with perfect spectrum sensing (i.e., P d = 1, and P f = 0). 5 We have the following lemma. Lemma 2: The average throughput E[R slot ] is independent of T b . In addition, The average throughput E[R slot ] is monotonically increasing with T i when 0 < T i ≤ ϕ 2 and monotonically decreasing with T i when ϕ 2 < T i < ∞, where
For T rate2 , we have
For T slot , we have
According to (43), the expression of E[R slot ] is given as
from which it can be seen that E[R slot ] is independent of T b . Then, we take the first-order derivative of E[R slot ] with respect to T i , and we have
For equation
This completes the proof. From Lemma 2, we have the following remark. Remark 2: Given T i = ϕ 2 , if we can find a feasible T b that satisfies the constraints in Problem P1, then it is optimal to set T i = ϕ 2 and set T b as any feasible value.
Accordingly, next we investigate the feasible set of T b . Lemma 1 is still valid here. Based on this lemma, we have the following remark.
Remark 3: To satisfy constraint (5c), the value of T i should satisfy
is the solution of T i for η s = ε s with given T b (recalling that η s is a function of T b and T i ). Similarly, to satisfy constraint (5c), the value of T b should satisfy T b ≥ ϕ 4 (T i ) for a given T i , where
is the solution of T b for η s = ε s with given T i .
Further, for the collision ratio η c , we introduce the following lemma.
Lemma 3: Given a value of T b , the collision ratio η c is monotonically increasing with T i . Given a value of T i , the collision ratio η c is monotonically increasing with T b .
Proof: For T c-in-slot , we have
For T b-in-slot , we have
According to (3), the expression of η c is given as
Then, we take the first-order derivative of V 5 with respect to T i , and we have
Thus, we have Similarly, the first-order derivative of V 5 with respect to T b is given as
Thus, we have 
To satisfy constraint (5b), the value of T b should satisfy T b ≤ ϕ 6 (T i ) for a given T i , where ϕ 6 (T i ) is the solution of T b for η c = ε c with given T i . We have
, where
. According to Remark 3 and Remark 4, we can see that if we set T i = ϕ 2 , then the feasible set of T b is given as
We have two scenarios, as follows.
• If k T b = ∅ (∅ being an empty set), then according to Remark 2, the optimal value of T i is T * i = ϕ 2 and the optimal value of T b can be any value in the feasible set k T b . In other words, closed-form expression of the optimal values of T i and T b can be obtained. Accordingly, the time complexity is O(1).
• If k T b = ∅, this implies that it is not feasible to set T i = ϕ 2 . From Remark 3 and Remark 4, we can see that for given T b , the feasible set of fect spectrum sensing) Algorithm, for finding optimal slot length of the system. The time complexity of the SLC_PSS Algorithm is the complexity in searching T b over space [T s , τ b ], which is expressed as O(
Overall, the complexity of our slot length configuration for the case with perfect spectrum sensing is O(1) if k T b is nonempty, or is the complexity of one-dimension exhaustive search (i.e., exhaustively searching T b over its space) otherwise. In the literature, existing slot length configuration works [12] - [14] all assume perfect spectrum sensing and consider a fixed slot length. The complexity of work [12] and work [14] is the complexity of one-dimension exhaustive search. The complexity of work [13] is O(1). Get the feasible set of
Algorithm 2 The Proposed SLC_PSS Algorithm to Obtain
Update R # =R.
9:
end if 10: end for 11: Set T * i = T # i and T * b = T # b .
V. NUMERICAL RESULTS
In this section, we will evaluate the performance of our proposed scheme by using simulation. In the simulation, the adopted parameters (unless otherwise specified) are given in Table 1 . It is desired to compare the performance of our proposed scheme with existing works. However, to our best knowledge, with a practical setting of imperfect spectrum sensing, no existing work considers the collision ratio of primary activities (as our constraint (5b) does). Recall that existing works consider a fixed slot length (i.e., they have the same slot length when the channel is sensed idle or busy). To demonstrate the benefit of having different slot lengths for different sensing results, here we compare with a classic scheme that is the solution of our Problem P1 with additional constraint T i = T b . Fig. 6 shows the average throughput of secondary transmissions (called average secondary throughput) E[R slot ] of our proposed scheme and the classic scheme. We can see that our proposed scheme largely outperforms the classic scheme. For both schemes, average secondary throughput decreases with the increase of γ p . The reason is that the achievable rate rate2 decreases with the growth of γ p .
In Fig. 6 , we apply our SLC Algorithm (which shrinks the feasible set of T i ) to get the optimal T b and T i for each γ p . We have also applied the conventional exhaustive search algorithm (which does not shrink the feasible set of T i ) for each γ p , and got the same average throughput as that in Fig. 6 . This verifies the optimality of our SLC Algorithm. Fig. 7 shows the ratio of the size of T i 's shrunk feasible set [max{T s , ϕ 1 (T b )}, τ i ] to the size of T i 's original feasible set [T s , τ i ]. When γ p increases from 1 dB to 20 dB, the ratio increases (from 0.28 to 0.94). The reason is as follows. When γ p is higher, T s is smaller (i.e., with higher SNR, we need less sensing time to achieve the target detection probability P d and false-alarm probability P f ). Recall that ϕ 1 (T b ) is the solution of T i for
With smaller T s , T slot should be smaller so as to satisfy the above equation. Smaller T slot means smaller T i since T b is given. Thus, given T b , when γ p increases, ϕ 1 (T b ) (the solution of T i for (52)) decreases, which also means that T i 's shrunk feasible set begins with a smaller value. Thus, the ratio of the size of T i 's shrunk feasible set to that of T i 's original feasible set increases as shown in Fig. 7 . Then, we evaluate the effect of the collision ratio threshold ε c on average secondary throughput. When ε c varies from 0.05 to 0.35, Fig. 8 shows the average secondary throughput of our proposed scheme and the classic scheme. Our proposed scheme can achieve a larger average secondary throughput. When ε c increases, average secondary throughput of our proposed scheme monotonically increases. This is because larger ε c means larger feasible set of (T i , T b ) in our Problem P1. For the classic scheme, when ε c < 0.1, the average secondary throughput is zero. The reason is that with a stringent requirement on collision ratio (for example ε c < 0.1), no appropriate values of T i and T b can simultaneously satisfy constraints (5b), (5c), and the additional constraint T i = T b . When ε c ≥ 0.1, constraints (5b), (5c), and the additional constraint T i = T b can be satisfied simultaneously, and thus, the average secondary throughput of the classic scheme is more than zero. We also notice that, for the setting with Fig. 8 , when ε c ≥ 0.1, the average secondary throughput of the classic scheme keeps stable. The reason is as follows. With T i = T b , the root of equation
, which is the optimal point
where V 8 is given as . Average secondary throughput of our proposed scheme and the classic scheme versus ε s .
FIGURE 10.
Average secondary throughput of our proposed scheme and the classic scheme versus τ i .
In the simulation setting of Fig. 8 , when ε c ≥ 0.1, the value of ϕ 7 is always in the feasible region of T i . Thus, when ε c increases, although feasible region of T i is enlarged, the optimal point is still at T i = ϕ 7 . Thus, the average secondary throughput of the classic scheme keeps stable. Fig. 9 shows the effect of the sensing ratio threshold ε s . When ε s increases, the average throughput of both our proposed scheme and the classic scheme increase, which is intuitive. When ε s increases beyond 0.006, the average throughput of both schemes keep stable. The reason is that with large enough ε s , the average secondary throughput is constrained by the collision ratio threshold ε c . Fig. 10 shows the effect of the mean channel idle duration τ i . It can be seen that a larger τ i leads to higher average secondary throughput in our proposed scheme and the classic scheme. Indeed, when the channel idle state tends to last for longer time, the secondary user has more transmission opportunities, resulting in higher throughput.
VI. CONCLUSION
In this paper, an optimal slot length configuration scheme, in which the sensing result is considered when determining the slot length, is proposed. We propose that slots with differ-ent sensing results have different slot length. This setting fully takes into account the fact that the sojourn time of channel idle state and busy state are usually different. We also have two practical settings: we assume imperfect spectrum sensing; and we have a constraint that bounds the actual collision ratio of primary activities. To find the optimal slot length configuration, an optimization problem that maximizes the secondary throughput is formulated, analyzed, and solved. In the case with perfect spectrum sensing, an algorithm with low complexity is proposed to solve the problem. Simulation results show that by having different slot length with different sensing results, larger average secondary throughput can be achieved.
In this paper, for presentation simplicity, we consider only one secondary user. For spectrum sensing of the secondary user, the detection probability P d and false-alarm probability P f are functions of sensing duration T s as shown in equations (1) and (2), respectively. Actually our work can be extended to the case with multiple secondary users, as follows. If we have multiple secondary users, cooperative spectrum sensing can be applied to improve sensing performance. One secondary user can work as a coordinator. Some secondary users are selected by the coordinator to perform spectrum sensing. We also have two stages: slot length determination stage and implementation stage. In the slot length determination stage, the coordinator runs the proposed slot length configuration algorithm to determine the durations of T i and T b . During the implementation stage, for each slot, the selected secondary users send their one-bit hard decisions or multiple-bit sensing data (i.e., soft decisions) to the coordinator. The coordinator combines the decisions and gets the overall decision about the availability of the channel. Then the coordinator announces its overall decision to all secondary users and asks the secondary users to change the slot length according to the overall sensing decision. If the channel is considered to be idle, the coordinator assigns one secondary user to utilize the channel.
When our work is extended to such a multiple-secondaryuser case with cooperative sensing, we only need to modify the expression of P d and P f as functions of T s (such expressions are given in [22] for hard-decision cooperative sensing and in [8] for soft-decision cooperative sensing). Then our analysis and proposed algorithms are still valid.
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